Titanium dioxide electrodes were prepared in three stages: (i) electrodeposition of Pt layer on a Ti substrate that was (ii) covered by a TiO2 thin film deposited by DC Magnetron Sputtering technique, at constant pressure of 0.8 Pa and oxygen partial pressure of 0.08 Pa, and (iii) annealed at 400 ºC. The structural (XRD) characterization of the films was performed, showing a predominant anatase-TiO2 phase, where some peaks corresponding to the Ti/Pt substrate were also observed. The average crystallite size for the films was 44 nm, showing the nanocrystalline nature of these anatase-TiO2 films. The surface morphology of the films was studied by scanning electron microscopy and revealed agglomerates of nanosized grains or particulates, distributed over the substrate surface with a 'blooming flower-like' appearance. The nanosized grains result in an increase in active surface area and also promote the formation of porous TiO2 films. The performance of Ti/Pt/TiO2 as anode was evaluated in the electrodegradation of an azo dye, the acid orange 7 (AO7). Assays were run at 0.1, 0.25 and 1 mA cm -2 , using AO7 concentration of 50 mg L -1 , and after 12 h assays colour (484 nm) and chemical oxygen demand removals up to 97 and 70% were obtained, respectively. The energetic yield decreased with the increase in current density, which is typical from a process controlled by diffusion. The platinization of the substrate improves the adhesion of the TiO2 film, increasing its lifetime, and increases the conductivity of the films, decreasing the energetic costs of the process.
Introduction
In order to search for efficient and low cost method to achieve water remediation, many studies have been developed, using different techniques. Among them, heterogeneous photocatalysis using suspensions of fine TiO2 particles have been performed successfully, in part due to the large surface area of the catalyst [1] . However, its application can be affected by difficulties in separating the fine oxide particles from the reaction medium. So, a better approach can be made by depositing the catalyst onto a substrate. If the substrate is conductor, TiO2 films, besides being used in photocatalytic studies, can also be utilized in electrochemical process, since anodic materials based on titanium oxides, as TiO2, are promising candidates due to their advantageous price, safety and toxicity, when compared to other possible anodic materials. The immobilisation of TiO2 Degussa P25 on glass has already been used as photoanode, with success, in the degradation of formic acid [2] . Degradation of paracetamol by different processes, such as photolysis, photocatalysis, electrocatalysis and photoelectrocatalysis, using modified reticulated vitreous carbon electrodes with TiO2, have been studied and the last process lead to a 95% degradation with 68% current efficiency, in 1 hour assay, 1.3 V vs. SCE and a Hg lamp with a 350 nm wavelength [3] . Studies performed with current and radiation have shown that the application of a positive potential bias to the TiO2 electrode improves the separation of photogenerated electrons and holes and also suppresses their recombination, leading to higher efficiency for pollutants degradation [4] . Zhang and co-workers have used TiO2 nanotube arrays electrode for the degradation of an azo dye, and concluded that photoelectrocatalytic process provided the most powerful way to degrade the methyl orange, achieving a 99.6% of dye removal after 90 min [5] . Liu and co-workers performed photoelectrochemical degradation of methyl orange by TiO2 nanopore arrays electrode and with TiO2 nanotube arrays electrode; comparing both electrodes, nanopore arrays electrode reveals enhanced photoelectrocatalytic activity for methyl orange degradation in comparison with nanotubes array electrode [6] . Zhang and co-workers propose a photoelectrocatalytic system for the degradation of methyl orange, using a TiO2 nanotube (TNT)/Ti electrode, which completely degrades 50 mg L −1 within 180 min with a mineralization efficiency of more than 80% [7] . Titanium is a commonly used substrate for metallic oxides electrodes. However, a passivation layer can be formed between substrate and the oxide during its application as anode. This layer determines the service-life of those electrodes. In order to overcome this problem and to significantly increase the useful life of the electrode, an inter-layer of another material is sometimes introduced. Platinum is a possible material that can prevent the passivation of the electrodes, increasing their service life-time [8] . In this work, Ti/Pt/TiO2 electrodes were prepared by three stages: electrodeposition of Pt on a Ti substrate and deposition of TiO2, by DC Magnetron Sputtering technique, followed by annealing. This technique allows the immobilisation of TiO2 in different kind of substrates, obtaining films with nanometric particles that present high uniformity. The TiO2 phase(s) obtained after quenching treatment depends on the preparation experimental condition, like oxygen partial pressure and type of substrate [9, 10] . The performance of prepared Ti/Pt/TiO2 anodes was evaluated using as model compound an organic pollutant, the azo dye Acid Orange 7 (AO7).
Experimental details
2.1. Preparation and characterization of the Ti/Pt/TiO2 films The TiO2 films used as electrodes in the electrodegradation assays were deposited by DC Reactive Magnetron Sputtering on platinized titanium substrates. The platinum coating was previously performed by electrodeposition [11] . For that, Ti substrates (99.7%, Sigma-Aldrich), with dimensions of 5 cm x 2.5 cm x 0.25 mm, were pre-treated with a mechanical polishing followed by etching with concentrated HCl in ebullition during 1 min. The substrates were then washed with double distilled water. Substrate platinization was performed in a one compartment double wall cell, connected to a thermostatic water-bath, which enabled the recirculation of water at 65ºC. The cell contained a chloroplatinic acid (99.9%, Sigma-Aldrich) solution and a current density of 250 mA cm -2 was applied [11] , using the Ti substrate, as cathode, between two platinum plates, as anodes. For the production of the TiO2 films on Ti/Pt substrate, a titanium disc (99.99% purity) having 64.5 mm of diameter and 4 mm of thickness was used as sputtering target. A turbomolecular pump was used to achieve a base pressure of 10 -5 Pa (before introducing the gas mixture). The films were reactively sputtered in a mixture of 99.99% pure argon and 99.99% pure oxygen, and the partial pressures of these gases were separately controlled by mass flow controllers. The total pressure, PT, during the deposition was kept constant at 0.8 Pa and the partial pressure of oxygen was set at 0.08 Pa (i.e. 10% of PT). The sputtering power was kept at 1000 W and the deposition time was 80 min. Before the sputter-deposition step of the films, a movable shutter was interposed between the target and the substrates, and the target was pre-sputtered in Ar atmosphere for 5 min to clean the target surface. The target-to-substrate distance was kept constant at 100 mm. To improve the effective area the TiO2 films were deposited in both sides of the platinized titanium substrates. In order to allow crystalline growth the as-sputtered films were annealed in air at 400 •C for 4 h in a tubular furnace, in agreement with previous studies [9, 12] . The structural characterization of the films was carried out by X-ray diffraction (XRD) on a Philips Analytical PW 3050/60 X'Pert PRO (theta/2 theta) equipped with X'Celerator detector operating with monochromatized CuKα radiation in BraggBrentano geometry. Diffractograms were obtained by continuous scanning in a 2θ-range of 20º to 90º with a 2θ-step size of 0.02º and a scan step time of 20 s. The average crystallite size was calculated from the broadening of (101) diffraction peak using the Scherrer's formula, D = 0.9λ/B cos θ, where λ is the wavelength of Cu Kα radiation, B is the full width at half maximum (FWHM) of XRD peaks and θ the Bragg diffraction angle of the peak (101). Correction for the line broadening by the instrument was applied using silicon as a reference and the relationship B 2 = BM 2 − BS 2 , where BM and BS are the measured widths, at half maximum intensity, of the lines from the sample and the reference, respectively [13] . Voltammetric studies and electrocatalytic assays were performed with a potenciostat/galvanostat VoltaLab PGZ 301, in a one-compartment cell with three electrodes: a working electrode, Ti/Pt/TiO2, with an immersed geometric area of 2 cm 2 , an auxiliary electrode that was a platinum plate with 1 cm 2 of geometric area each side, and a reference electrode, Ag/AgCl, KClsat. For the electrocatalytic assays, the anode was a Ti/Pt/TiO2 and the cathode was a stainless steel foil, both with a geometric area of 20 cm 2 . All the degradation assays were performed at room temperature, with stirring, being the processed solution volume 200 mL and the applied current densities 0.1, 0.25 and 1.0 mA cm -2 . The AO7 aqueous solutions had an initial dye concentration of 50 mg L -1 , and contained Na2SO4 (5 g L -1 ) as background electrolyte. The reagents AO7, C16H11N2NaO4S (Aldrich, >85%) and Na2SO4 (Merck, 99.5%) were used as purchased. The AO7 degradation assays were periodically sampled and monitored by UV-Vis absorption spectrophotometry, in the range 200-600 nm, using a Shimatzu UV-1800 spectrophotometer. Chemical oxygen demand (COD) determinations, using closed reflux and titrimetric method, were also performed, according to standard procedures [14] . Prior to the degradation assays, the AO7 solutions where left for one hour, with stirring, in the electrochemical cell completely assembled. UV-Vis spectra of the initial solutions and of the samples collected after one hour stirring were compared, in order to exclude removal of the dye from solution due to adsorption onto the anodes' surface.
Results and discussion

Structural properties
Since the as-deposited films XRD analysis revealed amorphous nature, the films were annealed at 400 ºC during 4 h to allow anatase TiO2 crystallization. Similar behaviour was previously described for the TiO2 films deposited by DC reactive magnetron sputtering but on glass substrates [9, 12] . Figure 1 shows the XRD pattern of the annealed TiO2 films deposited on the platinized titanium substrate. The observed peak at 2θ = 25.3º corresponds to the (101) plane of the anatase-TiO2 phase. Peaks corresponding to the Ti/Pt substrate can also be detected. The average crystallite sizes for the films were calculated from the peak width at half peak height of the diffraction peak (101), based on the instrumental broadening correction. The obtained value for the average crystallite size was 44 nm, showing the nanocrystalline nature of these anatase TiO2 films. Figure 2 shows SEM images of the TiO2 films deposited over the Pt/Ti substrates by DC Reactive Magnetron Sputtering and annealed at 400 ºC. The surface morphology of the films consists of agglomerates of grains or particulates distributed over the substrate surface with a 'blooming flower-like' appearance. A more detailed observation of this image evidences the formation of the nanosized grains protruding on the submicrometer-sized grains. The nanosized grains result in an increase in active surface area and also promote the formation of porous TiO2 films, which is a key parameter in the electrodegradation studies. Figure 3 presents the voltammograms of two different working electrodes, Ti/Pt and Ti/Pt/TiO2, in an aqueous solution of Na2SO4 5 g L -1 , acquired at a scan rate of 20 mV s -1 . It can be observed that the platinized titanium presents higher current intensity than the platinized titanium substrate covered with the TiO2 film. This is due to the higher conductivity of the platinum film. An anodic peak is observed at 1.2 V vs Ag/AgCl,KClsat, which can be attributed to one of the steps of the platinum oxidation: the adsorption of oxygen followed by the formation of platinum oxide [15] . In the Ti/Pt/TiO2 electrode these anodic peaks are also present, since the TiO2 film is thin and porous, allowing the contact between the solution and the inner Pt layer that possesses high adsorptive characteristics. However, the deposition of the TiO2 layer reduces the conductivity of the electrode and also the ability of the oxygen to be adsorbed on the electrode's surface, thus reducing the current intensity for the adsorption process at the Ti/Pt/TiO2 electrode. On the other hand, there is an increase in the potential for oxygen evolution when the platinized substrate is covered with the TiO2 film, which may improve the ability of the material to be used in environmental applications, because there is an increase in current efficiency towards pollutants electrodegradation when lower tendency for oxygen evolution is observed. Figure 4 presents the UV-Vis spectra for the samples collected during the AO7 degradation assay performed with the Ti/Pt/TiO2 anode at an applied current density of 1 mA cm -2 . It can be observed a regular decay in absorbance in the visible region due to the broken of the azo bond, which leads to an increase in the absorbance at 250 nm, especially at 2 h assay, due to the consequent increase in the concentration of aromatic byproducts [16] . Regarding the influence of the current density on the AO7 degradation rate, it can be observed that an increase in the current density leads to an increase in the absorbance removal rate, at 229 and 484 nm, as well as in the COD removal rate ( Figure  5 and Table 1 ). However, when COD variation during the assays is plotted against electrical charge, it can be concluded that in the assay run at 0.1 mA cm -2 the current efficiency is much higher. This is typical of processes controlled by diffusion, where the increase in current density corresponds to a decrease of the current efficiency due to the formation of oxygen from water. The small increase in the degradation rate with current density is due to an increased formation of hydroxyl radicals that help in the AO7 mineralization. In a previous work, Ti/TiO2 films were prepared also by DC Magnetron Sputtering Technique, with 15% partial pressure of O2, and the predominant phase was anatase, although rutile phase was also found [10] . Other previous study [12] refers that the preparation of TiO2 films on glass by the same technique, using a partial pressure of 10%, favour the anatase phase, which presents higher catalytic effect. The TiO2 films prepared in this work supported on platinized titanium, using a partial pressure of O2 of 10%, led to anatase phase, without any evidence of rutile presence, which improves the catalytic effect of the film. By comparing the electrodegradation results obtained in this work with those obtained with a Ti/TiO2 anode prepared by the same technique [10] , after 6 h assay it can be observed that, in the assays performed with Ti/Pt/TiO2 anode, the absorbance removal at 484 and 229 nm is enhanced relatively to the assays performed with Ti/TiO2 anode, for both current densities utilized. However, the effect of the anode material in the COD removal is not so clear, probably due to different mechanisms of the AO7 degradation for different current densities. Platinum presents high adsorptive characteristics that can reduce the degradation rate; even covered with titanium oxide, the porosity of the film can allow higher adsorption of the formed metabolites. On the other hand, platinization increases the conductivity of the films and improves the adhesion of titanium dioxide on the substrate, improving the mechanical stability of the TiO2 and allowing the application of higher current densities without destroying TiO2 films.
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Conclusions
Ti/Pt/TiO2 anodes were obtained successfully by depositing TiO2 on Ti/Pt substrates, by DC Magnetron Sputtering Technique, followed by annealing. At the experimental conditions utilized during the TiO2 deposition over the platinized Ti substrate, only the anatase phase was observed, with an average crystallite size of 44 nm. Cyclic voltammetry studies have shown anodic peaks in sodium sulphate solutions at both Ti/Pt and Ti/Pt/TiO2 materials. These peaks, attributed to the adsorption of oxygen followed by the formation of platinum oxide, present lower current intensities for equal applied potential difference at Ti/Pt/TiO2 anode, since Pt is covered by a porous TiO2 layer. On the other hand, the deposition of a TiO2 layer over the platinized titanium increases the potential for oxygen evolution.
Regarding the environmental application of TiO2 on the electrodegradation of AO7 solutions, it was observed that colour removal at 484 nm is almost total at the end of assays, meaning that azo bond (-N=N-) is easily broken. Absorbance removal at 229 nm is lower, since benzenic and naftalenic rings are not so easily opened. Also, the increase in current density from 0.1 to 1 mA cm -2 do not significantly increases absorbance or COD removal rates, but the specific electric charge consumption increases with current density, meaning that, at the experimental conditions utilized in this study, the degradation process is diffusion controlled.
